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Objective: The aims of this study to evaluate the effect of sodium thiosulfate with SDF on 
shear bond strength and Microtensile bond strength for composite and biodentine Activa 
restorative materials, microhardness of dentin and color stability of dentin surface. 
Methods: One hundred and twenty-three extracted human permanent molar teeth were 
used in this study. For Specimens were distributed into eight groups (n=10) for microtensile 
bond strength (MTBS) and Shear bond strength (SBS) testing. (1) Control: Dentin rinsed 
with deionized water and restored with Composite restoration. (2) SDF: Dentin treated with 
38% SDF and restored with Composite restoration. (3) SDF-KI: Dentin treated with SDF 
and KI and restored with Composite restoration. (4) Na2S2O3: Dentin treated with SDF and 






deionized water and restored with Activa restoration. (6) SDF: Dentin treated with 38% 
SDF and restored with Activa restoration. (7) SDF-KI: Dentin treated with SDF and KI 
and restored with Activa restoration. (8) Na2S2O3: Dentin treated with SDF and Na2S2O3 
and restored with Activa restoration. MTBS beams were prepared from each specimen 
after 24 hours and tested with Microtensile tester. Meanwhile, SBS specimens were stored 
for 24 hours after placement of restorative materials than tested with a universal testing 
machine (Instron 5566A). In addition, the type of failure was recorded. For micro-hardness 
test, Specimens were distributed into 3 groups (n=3). (1) SDF: Dentin treated with 38% 
SDF. (2) SDF-KI: Dentin treated with SDF and KI. (3) Na2S2O3: Dentin treated with SDF 
and Na2S2O3. The Vickers Hardness Number (VHN) was obtained in three phases for each 
specimen. (1) Sound dentin: After exposed the dentin surface. (2) demineralized dentin: 
After immersed the specimens into the demineralized solution for three days. (3) Treated 
dentin: After one week of application of dentin treatment agent to demineralized dentin 
surface. For dentin color assessment, Specimens were distributed into 4 groups (n=4). The 
color of dentin was assessed by using Vita EasyShade and the readings were taken at 
different time points for each specimen: T0= Pre-treatment; T1= after dentin treatment by 




• The microhardness of demineralized dentin improves after the application of SDF, 
SDF/Na2S2O3, and SDF/KI. Unaccompanied SDF application permitted significantly 






• Application of SDF and SDF/KI negatively impact the bond strength of composite and 
Activa Biodentine restorative materials to sound dentin. Meanwhile, the application of 
Na2S2O3 immediately after SDF application improved the bond strength of composite 
and active restorative materials to sound dentin. 
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1.1 Dental Caries 
 
 
Dental caries result from a pathological process by which microorganisms cause localized 
degradation and demineralization of enamel and dentin. A hard tissue condition with 
multifactorial etiology, dental caries, or cavities, are usually caused by the fermentation of 
simple carbohydrates (such as sucrose) by streptococci and lactobacilli (1, 2). Dental 
caries, although preventable, are common: they are a major oral health issue affecting up 
to 90% of children and adolescents worldwide (3). 
Although they have declined in permanent teeth since the 1960s, the incidence of caries 
has increased between 1988 and 2004 from 24 to 28 percent among young children 
(4). They can affect both the crown and root of primary and permanent teeth and smooth, 
pitted, and fissured surfaces (5). Early childhood caries (ECC) is the most serious type of 
dental caries in young children, characterized as “the appearance of one or more decayed 
(non-cavitated or cavitated lesions), absent (due to caries), or filled tooth surfaces in any 
primary tooth in a child under the age of six.” Any indication of smooth-surface caries in 
children younger than three years of age suggests severe early childhood caries (S-ECC). 
From ages three through five, “one or more cavitated, missing (due to caries), or filled 
smooth surfaces in primary maxillary anterior teeth or a decayed, missing, or filled  score 







or equal to six (age 5) surfaces also count as S-ECC” (6). These dental caries lesions can 
progress to odontogenic infections if left untreated (7). Untreated severe dental caries 
impacts the child’s physical health, learning abilities, behavior, and social involvement (8, 
9). Young patients with extensive dental caries are usually treated in the operating room 
(OR) under general anesthesia (GA) in a hospital setting. Unfortunately, several factors, 
such as accessibility of resources and insurance, prolonged waiting lists, sickness, lack   
of anesthesiologists, and poor weather, can cause cancellations or delays of dental 
rehabilitation under GA (10). As delayed treatment may result in further caries progression, 
this process may eventually result in tooth loss. Many recent studies were conducted with 
the aid of silver diamine fluoride (SDF), fluoride, sealants, and arginine to prevent dental 
decay and arrest disease progression (11). 
 
 
1.2 Cumulative Formation Constants of Metal Complexes. 
 
The strength of interactions between ligands, metal ions, and complexes in a solution are 
measured by the constant stability. The type of equilibrium constant used for the 
formation of metal complexes in the solution is stability, formation or binding constant. 
The interaction between ligands and metal ions need multiple steps in order to form a 
metal complex. Each step has different equilibrium constants (kn) while the multiple 
equilibrium constants are called Cumulative Formation Constants of Metal Complexes 
(Kn). The higher stability constant values means a greater metal complex stability (12). 









It should be noted that silver di-thiosufate and silver tri-iodide complexes have much 
higher stability than silver di-amine complex. 
Table 1. Cumulative Formation Constants of silver ions with different inorganic 
ligands. 
 
Inorganic ligand Log K1 Log K2 Log K3 Log K4 
Ammonia 3.24 7.05   
Chloride 3.04 5.04   
Cyanide  21.1 21.7  
Iodide 6.58 11.74 13.68  
Sulfite 5.30 7.35   
Thiocyanate  7.57 9.08 10.08 
Thiosulfate 8.82 13.46   
 
 
Complex formation of silver di-amine 
 
Ag! +  NH" →  Ag NH" ! 𝐾𝐾1 =  [%& '(! ] [%& ]['(!] 
 




Ag! +  2NH" →  Ag (NH" ) ! 𝐾𝐾2 =  [%& '(! ] [%& ]['(!]# 
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Ag! +  I+ →   Ag I 𝐾𝐾1 =  [%& ,] 
[%&  ][, ] 
 
log K1 = 6.58 
 
 
Ag! +  2I+ →   Ag I+ 𝐾𝐾2 =    [%& ,
$ ]
 
* [%& ][,$]# 
 
log K2 = 11.74 
 
 
Ag! +  3I+ →   Ag I*+ 𝐾𝐾3 =   [%& ,
#$ ]
 
" [%& ][,$]! 
 
log K3 = 13.68 
 
 
Ag I  +  I+ →  Ag I+ log k2 = log K2-log K1 = 11.74 -6.58 = 5.16 
 
 





Complex formation of silver di-thiosulfate 
 
S*O*+ + Ag!  →  Ag (S* O  )+ 𝐾𝐾1 =  [%& (.#/!)
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2S*O*+ + Ag!  →  Ag (S*O")"+ 𝐾𝐾2 = 
 












1.3 Silver Diamine Fluoride (SDF) 
 
 
Fluoride silver diamine [Ag(NH3)2F] is derived from silver nitrate and fluoride 
conjunctions (13). It reduces the growth of cariogenic bacteria, impedes collagen 
degradation in dentine, inhibits demineralization, and encourages  both  enamel and  
dentin remineralization. SDF was used for the first time to arrest dental caries in Japan in 
1969 (14). Since then, it has been used to treat dental caries, including Argentina, Australia, 
Brazil, and China. 
Since 1969, SDF has been used to prevent pit and fissure caries in erupting permanent 
molars (15), as well as root caries in the elderly (16). SDF was also used to manage tooth 
hypersensitivity and sterilize infected root canals (17). The US Food and Drug 
Administration (FDA) authorized the use of 38% SDF in August of 2014 (18). The Code 
on Dental Procedures and Nomenclature (CDT) Code Maintenance Commission approved 
the “Interim caries arresting medication application” for 2016 (19). Dietary sugars, 






development of dental caries. When a dentin surface is demineralized and destroyed by 
native and bacterial proteases, the collagenous organic matrix is exposed, allowing a lesion 
to grow (20). 
The actual mechanism of SDF action is unclear, but it has been proposed that the chemical 
components of SDF contribute to the following arresting effects: silver salts induce dentine 
sclerosis or calcification, silver nitrate destroys bacteria, and fluoride helps in 
remineralization and prevention (21). 
Studies of the effects of SDF have determined that SDF influenced caries formation, the 
mineral content of enamel, and the mineral content of dentin. In addition, SDF was found 
to be bactericidal and prevent adherence and development of Streptococcus mutans on the 
dentin (22). 
The squamous layer of silver-protein conjugates forms when SDF is applied to a decayed 
surface, increasing resistance to acid dissolution and enzymatic digestion (23). 
Hydroxyapatite and fluorapatite, as well as silver chloride and metallic silver, form on the 
exposed organic matrix. The treated lesion’s mineral density and hardness increase while 
the depth of the lesion decreases (24). Furthermore, SDF prevents the breakdown of the 
exposed dentin organic matrix by matrix metalloproteinases, cathepsins, and bacterial 
collagenases (23, 25). As SDF concentration increases, collagen degradation decreases: 







Bi-annual application of SDF proved to be more effective than a single application in 
decreasing tooth decay(27). In certain cases, more than one application of SDF is not 
feasible. In these cases, an alternative referred to as Silver Modified Atraumatic 
Restorative Treatment (SMART), where SDF is used on the carious lesion and the seal 
instantly follows. When patients cannot return for additional care due to behavioral issues, 
learning disabilities, premature birth, medical complications, or long hospital waitlists, it 
is rather effective. The SMART technique is a better choice than no treatment in these cases 
(28). 
Depending on the cavity and tooth position, the effectiveness of a single SDF application 
ranges from 47 percent to 90%. The anterior teeth have a higher rate of caries arrest than 
the posterior teeth. In addition, the older population has a lower arrest rate with SDF than 
the pediatric population (27). 
When comparing SDF-treated demineralized to SDF-treated non-demineralized dentin, 
demineralized dentin has more silver and fluoride deposited, making it more resistant to 
caries bacteria (29). Black stains on arrested caries lesions were found to be normal in 
previous SDF clinical trials, but they could be an aesthetic issue (30). These stains were 






1.4 Potassium Iodide (KI) - RIVA STAR™ (RS) 
 
 
Applying a saturated solution of KI immediately after SDF application prevents staining 
while maintaining SDF’s caries arresting effect. The effect of KI is thought to be caused 
by the interaction of silver ions from the SDF solution with iodide ions in KI, resulting in 
a white silver iodide precipitate (32). 
 
 
Recent research has focused on using SDF/KI for its effect on Streptococcus mutans 
development, secondary caries prevention, and root caries arrest. SDF/KI decreased 
contamination of this organism in dentinal tubules (32). 
In addition, topical dentine treatment with SDF/KI decreased the production of in vitro 
caries and prevented biofilm formation. SDF/KI therapy prevented recurrent caries 
formation in filled GIC but was not as effective as SDF therapy by itself. The application 
for the SDF/KI approach has also been successful in arresting elderly root caries (13, 33). 
Furthermore, SDF/KI has shown better outcomes relative to oxalic acid formulations 
regarding dentine hypersensitivity (34). Riva Star is a two-part system consisting of Riva 
Star Step 1, which contains SDF, and Riva Star Step 2, which contains aqueous KI. In the 







1.5 Sodium Thiosulfate 
 
 
Sodium thiosulfate (Na2S2O3) is an inorganic compound that is used in gold mining, water 
treatment, analytical chemistry, the development of silver-based photographic film and 
prints, and medicine (35). In medicine, Na2S2O3 is used to treat cyanide poisoning(36) ,as 
an antioxidant (37), in the treatment of chronic renal failure-induced calciphylaxis, and to 
treat cisplatin poisoning (38). Sodium thiosulfate is used as an antioxidant agent to counter 
the effect of Sodium hypochlorite on dentin and improve adhesive restorative materials 
after NaOCl used (39). 
A literature review revealed no previous studies have addressed the effect of using sodium 




1.5 Artificial Carious Lesions 
 
 
Dentin has a higher proportion of organic components and water than enamel. Thus, dentin 
caries is much more difficult to treat than enamel caries, requiring at least two stages: the 
breakdown of biominerals by organic acids, followed by the degradation of dentin matrix 
by proteases. Artificial lesions have multiple advantages over natural lesions, including the 
ability to create standard and repeatable lesions on a routine basis (40-43). In our 





using an acetic acid buffer as the demineralizing solution, previously used in several studies 
(44). The acetate artificial caries method caused demineralization throughout the lesion, 
equivalent to that seen in normal lesions of similar depths (44). Natural root caries in 
extracted teeth and artificial root dentin lesions produced using the acetate buffer have 
identical cross-sectional microhardness and lesion profiles (as measured by qualitative 
polarized microscopy) (45). 
 
 
1.6 Microhardness Test 
 
 
Microhardness is defined as local deformation resistance, and its detection is based on the 
permanent surface deformations induced after load removal (46). Various procedures, such 
as abrasion, pendulum, scratch, and indentation, have been used to determine the hardness 
of enamel and dentin (47, 48) Micro-scratch and micro-indentation have been the most 
common methods used (49). Hardness testing has been shown to be a useful tool for 
determining tooth mineral content (50). Knoop’s surface microhardness (KHN) and 
Vickers’ surface microhardness (VHN) are the two most common surface micro 
indentation methods (51). 
While both methods use similar mechanisms, the shape of the indenters and the depths of 
indentation vary significantly. The Vickers indenter is square-shaped, while the Knoop 
indenter is elongated with a 7:1 ratio between long and short diagonals. The hardness value 







Meanwhile, the microhardness values in VHN ranged from 25 to 65 (245 to 638 MPa). 
Other mechanical properties such as fracture resistance, modulus of elasticity, and yield 
strength can be associated with hardness measurements (52-56). The measurement of 
hardness is a practical tool for evaluating tooth mineral content (50). Several caries or 
arrested caries studies have shown that changes are directly linked to its mineral 
concentrations in dentine microhardness(52). A decline in its mineral content was 
positively linked to the degradation  of  carious  dentine  (hardness)  mechanical  
qualities, Dentine strength, stiffness, and the reduction of the mechanical properties of 
carious dentine were caused by loss of minerals (50, 57). The microhardness of dentin and 
the bond strength are strongly correlated (58). Therefore, microhardness can be used to 
predict the outcome of dentin/restoration interfaces (57). 
 
 
1.7 Micro Tensile Bond Strength (mTBS) 
 
 
The ultimate tensile strength and modulus of elasticity of materials bonding to mineralized 
and demineralized dentin were measured using the micro tensile bonding strength (mTBS) 
test process (59). Tensile tests have a much more uniform stress distribution than shear 
tests. Tensile bond strength tests impose loads on the interface in a perpendicular axis. This 
yields a more accurate approximation of the stress level that caused debonding. To avoid 
bending stresses, the loading axis must be perpendicular to the interface plane (60). The 






hourglass-shaped with cross-sectional areas of approximately one mm2, requires fewer 
teeth for a specimen test, and allows for experimental designs not possible with traditional 
macro methods (61). Preparation of specimens is more difficult and accurate than macro 
tests, since thin slices of a large bonded interface must also be produced using diamond 
disks. It's possible that a significant number of specimen failures could occur just in the 
process of setting up the test. The researchers can't agree on how to deal with these pretest 
failures in the experiment data collection. Micro-tensile testing can be done with a variety 
of fixtures. The specimen may be glued to the testing fixture with cyanoacrylate adhesive 
or held in place with grips, either actively or passively. The micro-tensile approach yields 
dentin bond strengths ranging from 30 to 50 MPa. Since the critical size for defects in a 
micro-interface is smaller than in macro-tensile experiments, the values are much higher 











Higher interfacial bond strengths can be 
measured. 
 
Permits measurements of regional bond 
Strength. 
 
Means and variances can be calculated 
for a single tooth. 
 
Permits testing of bonds made to irregular 
Surfaces. 
 
Multiple specimens can be obtained from 
a Single tooth. 
 
Permits testing of very small areas. 
Labor intensive, technically demanding. 
 
 
Requires Special equipment. 
 
 






Samples are so small they dehydrate 
rapidly. 
 
Multiple sectioning induces stresses at the 
bonded area. 
 












Shear occurs when two sets of forces are oriented parallel to one another but not in the 
same straight line. The restorative material’s adhesive strength is best represented by the 
SBS, defined as the maximum shear stress (load) a body can withstand before failure 
occurs divided by its cross-sectional area. In contrast, shear stress is the resistance to the 
sliding or twisting of one portion of the body over another (63). A composite cylinder is 
connected to a bonding substrate in a macroshear bond strength test. The specimen is put 
in a universal testing system after a predetermined storage period, and the composite 
cylinder is dislodged from the substrate in the plane of the interface using a single-edged 
chisel, a flat-end rod, or a wire loop. It's important to keep in mind that, although this is 
referred to as a shear test, it's really a tensile stress that causes the composite cylinder to 
debond from the substrate. In this test, the term "shear" refers to the loading mode rather 
than the stress that causes interfacial failure. The distribution of stresses at the bonded 
interface is influenced by the position and geometry of the loading device, which changes 
the bond strength. According to computer simulation using finite element analysis, a 
chisel with a nominal stress of 15 MPa produces a 178-MPa tensile stress at the interface 
versus 69 MPa with a wire loop. The lower the bond strength, the higher the stress 
concentration at the load application area. The average dentin bond strength is between 
10 and 50 MPa, according to macroshear studies. Cohesive and mixed failures are 









1.9 Statement of the Problem 
 
 
Development of a material that would help to reduce the side effects of using SDF is 
needed. Discoloration of tooth structures and compromised bond strength of adhesive 
restorative materials are the main side effects of using SDF. Some studies have shown the 
effect of combining SDF with KI to eliminate the discoloration effect of SDF. However, it 
does improve the bonding strength of adhesive restorative materials after using SDF. In 
our study, we will combine sodium thiosulfate with SDF to eliminate the discoloration 






The aims of this study to evaluate the effect of sodium thiosulfate with SDF on shear 
bond strength and Microtensile bond strength for composite and biodentine Activa 
restorative materials, microhardness of dentin and color stability of dentin surface. 
Objective: 
 
1. Study the effect of different dentin pretreatment agents on shear bond strength of 
composite and Biodentine Activa restorative materials to Sound dentin. 
2. Study the effect of different dentin pretreatment agents on the microtensile bond 
 






3. Determine the effect of different dentin pretreatment agents in the protection and 
remineralization of the demineralized dentin. 









1) There is no significant difference in the effect of different dentin pretreatment agents 
on shear bond strength of composite and Biodentine Activa restorative materials. 
2) There is no significant difference in the effect of different dentin pretreatment agents 
on the micro-tensile bond strength of composite and Biodentine Activa restorative 
materials. 
3) There is no significant difference in the effect of different dentin pretreatment agents 
in the protection and remineralization of the dentin. 
4) There is no significant difference in the effect of different dentin pretreatment agents 






Chapter 2. Materials and Methods 
 
 
2.1 Materials and Equipment: 
 
Pre-treatment dentin agents: 
 




Figure 1 38% Silver diamine fluoride bottle 
 
 
• Riva Star™ Next Generation reduces dental hypersensitivity and acts as a caries 
arresting agent, Australia. (Lot number: 1160684) 
 
 





















o Composite Resin filling material (Filtec Supreme Ultra Universal Restorative Body 
Shade A1). (Lot number: NA75415) 
o Activa bioactive restorative material (ACTIVA™ Pulpdent, Watertown, MA, 
USA). (Lot number: 200814) 















Other materials used in the study: 
 
 
• Intact extracted natural permanent teeth (123 molars) Where placed for 2 weeks in 
10% formalin solution for sterilization, then stored in artificial saliva prior to use. 
• Molds, Petroleum jelly, Periphery wax, and epoxy resin and hardener 
(EpoxiCureTM 2, Buehler, Lake Bluff, Illinois, USA). 
• Demineralization solution: Lactic acid buffer (0.1 M, pH 5);3 mM CaCl2, 3 mM 
KH2PO4, and 0.2% guar gum (Spectrum Chemical Co.) for 3 days at 37°C (64). 
• Saturated Sodium Thiosulfate. 40.0 g of Sodium Thiosulfate (powder) dissolved 
into 100 ml deionized water at room temperature to prepare a saturated sodium 
thiosulfate solution and stored into refrigerator prior to use. (Sigma-aldrich, Saint 
Louise, MO, USA) 
• Artificial saliva (Fan, et al., 2012) (NaCl: 0.8 g/L, KCl: 1.2 g/L, MgCl2·6H2O: 0.1 
g L
−1
, K2HPO4: 0.3 g L
−1
, CaCl2·2H2O: 0.1 g L
−1
, and sodium. 
carboxymethylcellulose: 1 g L
−1
). pH = 7.0 
• Phosphate Buffered Saline (EcoCyte Bioscience PBS ready for use 500ml). 
 






Equipment used in the study: 
 
 
• Instron 5566A Universal Testing Frame (Instron, Norwood, MA, USA). 
 
• Digital Caliper, 8-inch, Model #CO030200 (Marathon, Switzerland). 
 
• Incubator (Precision–Economy Incubator, Precision Scientific, Winchester, VA, 
USA). 
• Isomet® 5000 Precision Saw (Buehler, Lake Bluff, IL, USA). 
 
• Buehler EcoMet® 250 Grinder-Polisher (Buehler, Lake Bluff, IL, USA). 
 
• Micro-hardness measurement: Vicker Hardness test (Micromet® 2003 
Microhardness Tester, Buehler, Lake Bluff, Illinois, USA). 
• Micro-tensile tester (New day research, USA). 
 
• Spectrophotometer, VITA Easyshade® V (VITA, Yorba Linda, CA, USA). 
 
• Digital microscope (VHX 7000, Keyence Corporation, Japan). 
 














2.2.1 Shear Bond strength test: 
 
Eighty posterior molar teeth were randomly divided into 8 groups according to the dentin 
pretreatment agents and the restorative materials used, each group has 10 specimens 
(n=10). (Table 3) 
 
 





Groups Sample size (n) Pre-treatment agent Restorative material 
1 10 SDF Composite Resin 
2 10 SDF with KI Composite Resin 
3 10 SDF with Na2S2O3 Composite Resin 
4 10 Deionized Water Composite Resin 
5 10 SDF ACTIVA™ BioACTIVE 
6 10 SDF with KI ACTIVA™ BioACTIVE 
7 10 SDF with Na2S2O3 ACTIVA™ BioACTIVE 












2.2.2 Microtensile Bond Strength test: 
 
Twenty-four posterior molar teeth were randomly divided into 8 groups according to the 
dentin pretreatment agents and the restorative materials used, each group used 3 teeth to 
create 10 beam bars (n=10). (Table 4) 
 
 
Table 4 Specimen allocation for Microtensile Bond Strength test. 
 
 
Groups Sample size (n) Pre-treatment 
agent 
Restorative material 
1 10 SDF Composite Resin 
2 10 SDF with KI Composite Resin 
3 10 SDF with Na2S2O3 Composite Resin 
4 10 Deionized Water Composite Resin 
5 10 SDF ACTIVA™ BioACTIVE 
6 10 SDF with KI ACTIVA™ BioACTIVE 
7 10 SDF with Na2S2O3 ACTIVA™ BioACTIVE 






2.2.3 Microhardness test: 
 
Three posterior molar teeth were sectioned and nine specimens were created. Each group 
has 3 specimens randomly assigned according to the dentin pretreatment agents. (n=3) 
(Table 5) 
Table 5 Specimen allocations for Micro-hardness test 
 
 
Groups Sample size (n) Pretreatment agents Readings obtained for each group 
1 3 SDF 7 
2 3 SDF with KI 7 
3 3 SDF with Na2S2O3 7 
 
2.2.4 Color assessment: 
 
Sixteen posterior molar teeth were randomly divided into 4 groups according to the dentin 
pretreatment agents. Each group had 4 samples (n=4). (Table 6) 
Table 6 Specimen allocation for color assessment 
 
 
Groups Sample size (n) Pretreatment agents 
1 4 SDF 
2 4 SDF with KI 
3 4 SDF with Na2S2O3 









2.3 Specimen Preparations and Testing Methods: 
 
One hundred and twenty-three (123) extracted human posterior molar teeth were collected 
from the Pediatric Dentistry and oral maxillofacial surgery departments at Boston 
University Henry M. Goldman School of Dental Medicine and Boston Medical Center. 
The extracted teeth were sterilized in 10% formalin for 2 weeks, then stored in artificial 
saliva until used. 
All specimens are embedded in epoxy using the following method: 
 
Each tooth was mounted inside 1.25-inch diameter cylindrical mold by using glue. 
Meanwhile, epoxy resin (EpoxiCure2) was prepared by mixing EpoxiCure 2 Epoxy Resin 
with EpoxiCure 2 Hardener at a ratio of 4:1, then poured in cylindrical molds (1.25 inch in 
diameter) which were previously coated with a layer of petroleum jelly and left to set for 
twenty-four hours. Consequently, all embedded specimens were demolded. Then each 
specimen was trimmed with a Buehler EcoMet 250 Grinder-Polisher with 600-grit silicon 
carbide paper under water irrigation to expose the desired dentin surface. 
2.3.1 Dentin Pretreatment Agents and restorative materials Application: 
 
In this experiment, three dentin pretreatment agents were used; SDF, SDF + KI, SDF + 







2.3.1.1 Application of Silver Diamine Fluoride: 
 
The dentin surface was rinsed with deionized water and wiped with gauze before the 
application of SDF. One drop of silver diamine fluoride (25 microliter) can used for five 
teeth surfaces. Silver diamine fluoride solution (38%) was applied according to the 
manufacturer’s instructions: after the teeth were dried with a gentle flow of compressed 
air, SDF was dispensed in a plastic dappen dish, then SDF was applied (about 5 microliter) 
using a micro brush directly on the exposed dentin surface for one minute. The treated 
surface was dried with a gentle flow of compressed air for at least one minute, and the 
excess SDF was removed with a cotton pellet. 
 
 
2.3.1.2 Application of RIVA STAR™ Silver Diamine Fluoride 35-40% (SDI 
Limited, Victoria, Australia): 
Riva Star system has two types of capsules: 
 
Grey capsule: This capsule contains 35-40% SDF material which is used as the first step. 
Green Capsule: This capsule contains Saturated KI material which is used as the second 
step. 
Step 1: The dentin surface was rinsed with deionized water and wiped with gauze before 
the application of SDF. Silver diamine fluoride 35-40% (SDI Limited, Victoria, Australia) 
was applied according to the manufacturer’s instructions: after the teeth were dried with a 
gentle flow of compressed air, the foil on the silver capsule was pierced using the silver 






applied (5 microliter) directly on the exposed dentin surface for one minute, dried with a 
gentle flow of compressed air for at least one minute, and the excess SDF was removed 
with a cotton pellet. 
Step 2: Immediately using the green brush, the foil on the green capsule was pierced and 
pushed to the edge of the opening in a circular motion. A generous amount (about 10 
microliter) of solution from the green capsule was applied to treatment site for one minute 
until the creamy white solution turns clear, dried with a gentle flow of compressed air for 
at least one minute, and the excess KI was removed with a cotton pellet. 
 
 
2.3.1.3 Application of Silver Diamine Fluoride with Sodium Thiosulfate: 
 
SDF with Na2S2O3 applied using the following steps: 
 
Step 1: Application of the SDF according to the manufacturer’s instructions (as mentioned 
in application of SDF section). 
Step 2: Immediate application of the saturated sodium thiosulfate solution. Sodium 
thiosulfate solution was dispensed in a plastic dappen dish, then sodium thiosulfate solution 
was applied (about 10 microliter) using a micro brush to the treatment site for one minute, 
dried with a gentle flow of compressed air for at least one minute, and the excess Na2S2O3 






2.3.1.4 Protocols for application of dental restorative materials: 
 
Restorative Material Application 
Restoration: Composite restoration 
(FiltecTM Supreme Ultra Universal 
Restorative Body Shade A2). 




Bonding agent: 3M ESPE Scotchbond™ 
Universal Adhesive. 
Rinse the tooth for 5 s, dry the tooth, apply 
the acid etch for 20 s, rinse thoroughly, 
then air dry for 5 s, then apply bonding 
agent for 10 s using continuous scrubbing 
thin/air to ensure spreading the bonding 
agent, light cure for 10 s, then place the 
composite filling and cure for 20 s. 
Restoration: Activa bioactive restorative 
shade A3. PulpdentR 
Acid etch: 37% phosphoric acid 
(Patterson Dental). 
Bonding agent: 3M ESPE Scotchbond™ 
Universal Adhesive. 
Rinse the tooth for 5 s, dry the tooth, apply 
the acid etch for 20 s, rinse thoroughly, 
then air dry for 5 s, then apply bonding 
agent for 10 s using continuous scrubbing 
thin/air to ensure spreading the bonding 
agent, light cure for 10 s, then place the 






2.3.2 Shear bond strength test: 
 
Eighty posterior molar teeth were randomly divided into 8 groups. All specimens were 
embedded in epoxy (Figure 4). Then each specimen was trimmed with a Buehler EcoMet® 
250 Grinder-Polisher with 600-grit silicon carbide paper under water (Figure 5) to expose 
the desired dentin surface (Figure 6). 
 
 













Figure 6. Exposed dentin surface after grinding and polishing. 
 
All specimens were rinsed with deionized water for 10 seconds and air-dried prior to 
restoration placement. Each group received a different pre-treatment agent: SDF, SDF + 
KI, SDF + Na2S2O3 or deionized water, according to the protocols were mentioned in the 
previous section (2.3.1). Also, each group received a different restorative material: 
Composite resin restorative material or Activa Bioactive restorative material, according to 
the protocols were mentioned in the previous section (2.3.1). Restorative material was 
placed into a cylindrical shape (4 mm in height and 3.5 mm in diameter) by using the 









Figure 7. Bond jig for shear bond strength specimen preparation to build the 





Figure 8. Cylindrical shape bonded restorative material on tooth surface. 
The specimens were then stored for 24 hours in deionized water at 37°C in an incubator 
before being tested for the shear bond strength. Restorative materials diameter was 






then tested for shear bond strength by using a universal testing machine (Instron 5566A) 
and stressed in shear using a rectangular blade with a half-moon notch that matched the 
diameter of the bonded material (Figure 10). A load applied to the dentin-filling bonded 
interface at a crosshead speed of 1 mm per min until fracture occurred were recorded and 
the outcome variable (shear bond strength) was measured in MPa (MN/m2) according to 
mathematical equation: 
S=T/A, where S is the shear bond strength (MPa), T is the load at failure (N), and A is the 
















Figure 10. A rectangular plunger with a half-moon notch used to perform the shear 
test. 
2.3.3 Microtensile bond strength test: 
 
Twenty-four posterior molar teeth were randomly divided into 8 groups. All specimens are 
embedded in epoxy. Then each specimen was trimmed with a Buehler EcoMet® 250 
Grinder-Polisher with 600-grit silicon carbide paper under water to expose the desired 









Figure 11. The specimen after exposed the dentin. 
 
All specimens were rinsed with deionized water for 10 seconds and air-dried prior to 
restoration placement. Each group received a different pre-treatment agent: SDF, SDF + 
KI, SDF + Na2S2O3 or deionized water, according to the protocols were mentioned in the 
previous section (2.3.1). Also, each group received a different restorative material: 
Composite resin restorative material or Activa Bioactive restorative material, according to 
the protocols were mentioned in the previous section (2.3.1). Restorative material was built 
into a cubic shape by using a plastic instrument according to the size of the dentin on each 









Figure 12. Filling built by using plastic instrument. 
 
The restored teeth were then stored in deionized water for 24 hours at 37°C incubator. The 
restored teeth were sectioned by using an IsoMet 5000 machine to fabricate 21 dentin- 
filling beams for each group (Figure 13). The beams were approximately 1.0 x 1.0 mm in 
cross section and 4 mm in length (Figure 14). A visual inspection was done for each dentin- 
filling beam for quality control of each specimen. 11 out of 21 dentin-filling beams were 
excluded from the study due to the following exclusion criteria: 
1) Specimen length was less than 4 mm. 
 
2) Filling material was bonded to enamel. 
 
3) Diameter of the dentin and the filling material were not equal. 
 









Figure 13. Tooth specimen sectioned with IsoMet 5000 
 
 
Figure 14. The dentin-filling beams for mTBS 
 























Figure 15. Diagram shows the protocol of Micro-tensile specimen preparation 




Different dentin pretreatment agents 
applied and different restorative 
 
Sectioning 
21 Dentin-Filling beams fabricated 
 After exclusion 






Each group had 10 dentin-filling beams (n=10). The diameter of each specimen was 
recorded. The micro-tensile test was done using a Micro-tensile tester with was set to 
provide a constant displacement rate of 2 mm/min. The edges of the beams were fixed to 
the test jig of the micro-tensile tester machine with cyanoacrylate glue. The micro-tensile 
force was recorded at failure and converted to MPa (Figure 16) according to the 
mathematical equation: 















2.3.4 Microhardness test: 
 
Three posterior molar teeth were cut longitudinally by using an IsoMet low speed saw 
(Figure 17) to create 9 specimens (n=3). Nine specimens were randomly divided into 3 
groups according to dentin pretreatment agents: SDF, SDF + KI or SDF + Na2S2O3. The 
dentin pretreatment agents were applied according to the protocols were mentioned in the 
previous section (2.3.1). All specimens are embedded in epoxy. Then each specimen was 
trimmed with Buehler EcoMet® 250 Grinder-Polisher with 600-grit silicon carbide paper 



















Figure 19. Embedded specimens after polishing to expose occlusal dentin. 
 
The Vickers hardness test was performed before and after creating the artificial carious 
lesion on the test groups to confirm the demineralization process, and after the arresting 
material was applied to assess the changes. The microhardness analysis on the surface of 







tester (Figure 20). Seven indentations were performed under a load of 50 g for 15 s for 
each specimen. The Vickers microhardness value was obtained using the following 
formula: Vickers Hardness Number (VHN) = 1854.4 P (65) 
d 
 
where the load P is in gf and the average diagonal d is in µm 
 
 
For the test groups, the hardness of the same groups of specimens on three different 
occasions were assessed: before demineralization (phase 1), after three days of 
demineralization in lactic acid buffer (0.1 M, pH= 5) (phase 2), and one week after the 
application of the testing material where specimens were then stored in Phosphate Buffered 
















2.3.5 Color Assessment: 
 
Twenty posterior molar teeth were randomly divided into 4 groups according to Dentin 
pretreatment agents: SDF, SDF + KI, SDF + Na2S2O3 or deionized water. The dentin 
pretreatment agents were applied according to the protocols were mentioned in the 






trimmed with a Buehler EcoMet® 250 Grinder-Polisher with 600-grit silicon carbide paper 
under water irrigation to expose the desired dentin surface. 
The color of dentin was assessed by using a Vita EasyShade. The instrument was 
calibrated according to the manufacturer’s instructions before examination. Average of 
three readings for the L*, a* and b* values were obtained over a black background and 
under day light illumination for each specimen at four intervals: T0 denoted after exposure 
of the dentin; T1 denoted after dentin pretreatment agent application by one day; T7 denoted 
after dentin pretreatment agent application by one week; and T14 denoted 2 weeks after 
application of dentin pretreatment agent. In T14, the specimens were aged for 1500 cycles 
in cold/hot water baths (5°C and 55°C) with a dwell time of 30 seconds and a transfer time 
of 15 seconds. After the thermocycling, the specimen’s dentin surface color was measured. 
The difference of color ΔE00 between baseline and the desired time point was calculated 










2.4 Mode of failure: 
 
After SBS and mTBS tests, the de-bonded surfaces were examined under the Keyence 
Zoom 3D VHX 7000 digital microscope (×50 magnification) to check the mode of failure. 
The mode of failure was classified as: 
A) Adhesive failure: the residual resin material on dentin covered less than 25% of the 
bonded area. 
B) Cohesive failure: Either the residual resin material covered more than 75% of dentin 
surface or 75% of the dentin surface was fractured. 
C) Mixed failure: a combination of the adhesive and cohesive mode. 
 
 
2.5 Statistical analysis: 
 
JMP Pro 15 software was used in analyzing the data. Descriptive statistics including the 
mean, standard deviation, coefficient of variation. One-way Analysis of Variance 
(ANOVA) was used to determine if significant differences existed between the various 
groups. If a significant difference was present, Tukey multiple range tests was used to 
identify which of the groups are different or similar to each other. A multifactor least 
square fit regression model was used to investigate statistical differences between groups. 






Chapter 3. Results 
 
3.1 Shear bond strength test. 
 
3.1.1 Shear bond strength for composite and Activa restorative materials: 
 
The shear bond strength (SBS) values of the restorative materials: Composite restoration 
and Activa restoration were calculated in mega-pascal (MPa). Tables 7 and 8 show the 
mean of SBS, standard deviation (SD), coefficient of variation (CV) and significant 





Table 7. The SBS of Activa restorations with teeth after different treatment 
procedures. 
 
 SBS, MPa  
Material Treatment N Mean SD CV Sig* 
Activa Control 10 13.77 1.88 13.66 A 
 SDF 10 8.08 2.19 27.06 B 
 SDF+KI 10 10.03 2.22 22.09 B 
 SDF+Na2S2O3 10 14.66 1.51 10.28 A 
















Table 8. The SBS of Composite restorations with teeth after different treatment 
procedures 
 
 SBS, MPa  
Material Treatment N Mean SD CV sig 
Composite Control 10 19.71 4.15 21.08 A 
Composite SDF 10 8.18 1.79 21.95 B 
Composite SDF+KI 10 8.48 1.01 11.95 B 
Composite SDF+Na2S2O3 10 18.93 3.11 16.45 A 
* Groups not connected with same letters are significantly different. 
 
 
For the composite restorative material, the mean (± SD) of SBS was higher for both 
Control and SDF+ Na2S2O3 groups (19.71 ± 4.15 MPa and 18.93 ± 3.11 MPa, 
respectively), when compared to SDF and SDF+KI groups (8.18 ± 1.79 MPa and 8.48 
± 1.01 MPa, respectively). For Activa restorative material, the mean SBS was higher 






respectively), when compared to SDF and SDF+KI groups (8.08 ± 2.19 MPa and 10.03 
 
± 2.22 MPa, respectively) (Figure 22). 
 
 
Figure 22. Bar chart of the mean of SBS (± SD) for Composite and Activa 





The comparison of the SBS means for composite restorative material with different 
dentin pretreatment agents using one-way ANOVA was statistically significant 






group with SDF and SDF+KI groups (P<0.0001) and between SDF+ Na2S2O3 group 
with SDF and SDF+KI groups (P<0.0001), but no significant difference between 
Control and SDF+ Na2S2O3 groups (P= 0.99) and between SDF and SDF+KI groups 
(P= 0.92). (Figure 23) 
The comparison of the SBS means for Activa restorative material with different dentin 
pretreatment agents using one-way ANOVA was statistically significant (P<0.0001); 
in post-hoc Tukey test there was a significant difference between Control group and 
SDF group (P<0.0001), between Control group and SDF+KI group (P= 0.0008) and 
between SDF+ Na2S2O3 group with SDF and SDF+KI groups (P<0.0001), but no 
significant difference between Control and SDF+ Na2S2O3 groups (P= 0.74) and 












Table 9. SBS least square means and Tukey test significances at different levels of 




Groups Sig* Least Sq Mean 
Composite Control A   19.71 
Composite SDF+Na2S2O3 A   18.93 
Activa SDF+Na2S2O3  B  14.66 
Activa Control  B  13.77 
Activa SDF+KI   C 10.03 
Composite SDF+KI   C 8.48 
Composite SDF   C 8.18 
Activa SDF   C 8.08 
 
 












3.1.2 Mode of failure: 
 
Table 10 and Figure 25 summarizes the mode of failure of SBS test for Activa restorative 





Table 10. Contingency table of failure mode of SBS test for Activa restorative 
material with different dentin pretreatment agents. 
 
  Adhesive Cohesive Mixed Total 
Control Count 1 2 6 9 
 Total % 2.63 5.26 15.79 23.68 
 Col % 6.25 50.00 33.33  
 Row % 11.11 22.22 66.67  
SDF Count 8 0 2 10 
 Total % 21.05 0.00 5.26 26.32 
 Col % 50.00 0.00 11.11  
 Row % 80.00 0.00 20.00  







 Total % 18.42 0.00 7.89 26.32 
Col % 43.75 0.00 16.67  
Row % 70.00 0.00 30.00  
SDF+Na2S2O3 Count 0 2 7 9 
 Total % 0.00 5.26 18.42 23.68 
 Col % 0.00 50.00 38.89  
 Row % 0.00 22.22 77.78  
Total Count% 16 4 18 38 










Table 11. The correlation of SBS values in Activa restoration group with the types 
of failure mode with Tukey significance test 
 
Level Sig* Mean SBS 
(MPa) 
Cohesive A 15.13±1.86 
Mixed A 13.38±1.99 
Adhesive B 8.50±2.27 
*Levels not connected by same letter are significantly different. 
 
Table 12 and figure 26 summarizes the mode of failure of the SBS test for composite 
restorative material with different dentin pretreatment agents. 
Table 12. Contingency table of failure mode of SBS test for composite restorative 
material with different dentin pretreatment agents. 
 
  Adhesive Cohesive Mixed Total 
Control Count 0 3 7 10 
 Total % 0.00 7.89 18.42 26.32 
 Col % 0.00 42.86 41.18  
 Row % 0.00 30.00 70.00  







 Total % 18.42 0.00 5.26 23.68 
Col % 50.00 0.00 11.76  
Row % 77.78 0.00 22.22  
SDF+KI Count 7 0 2 9 
 Total % 18.42 0.00 5.26 23.68 
 Col % 50.00 0.00 11.76  
 Row % 77.78 0.00 22.22  
SDF+Na2S2O3 Count 0 4 6 10 
 Total % 0.00 10.53 15.79 26.32 
 Col % 0.00 57.14 35.29  
 Row % 0.00 40.00 60.00  
Total Count% 14 7 17 38 

















3.2 Micro-tensile bond test. 
 
3.2.1 Micro-tensile bond strength for composite and Activa restorative materials: 
The micro-tensile bond strength (mTBS) values of the restorative materials Composite 
restoration and Activa restoration were calculated in mega-pascal (MPa). Tables 14,15 
shows the mean of mTBS, Standard deviation (SD), coefficient of variation (CV) and 
Significant difference for Composite and Activa restorations. 
 
 
Table. 14 mTBS for Activa restorations with different dentin pre-treatment agents. 
 
 
 Tensile Bond Strength, MPa  
Restorative 
Material 
Group N Mean Std Dev CV Sig* 
Activa Control 10 34.31 3.09 8.99 A 
Activa KI+SDF 10 23.61 1.77 7.51 B 
Activa SDF+Na2S2O3 10 33.87 3 8.86 A 
Activa SDF 10 22.78 2.55 11.2 B 
 
 
Table 15. mTBS for Composite restorations with different dentin pre-treatment 
agents. 
 









Group N Mean Std Dev CV Sig* 
Composite Control 10 38.71 3.95 10.2 A 
Composite KI+SDF 10 23 2.81 12.2 B 
Composite SDF+Na2S2O3 10 35.43 3.29 9.29 A 
Composite SDF 10 22.53 2.69 11.9 B 
 
 
For the Composite restorative material, the mean (± SD) mTBS was higher for both Control 
and SDF+ Na2S2O3 groups (38.71 ± 3.95 MPa and 35.43 ± 3.29 MPa, respectively), when 
compared to SDF and SDF+KI groups (22.53 ± 2.69 MPa and 23 ± 2.81 MPa, 
respectively). For Activa restorative material, the mean (± SD) SBS was higher for both 
Control and SDF+ Na2S2O3 groups (34.31 ± 3.09 MPa and 33.87 ± 3.0 MPa, respectively), 
when compared to SDF and SDF+KI groups (22.78 ± 2.55 MPa and 23.61 ± 1.77 MPa, 









Figure 44. The mean of mTBS (± SD) for Composite and Activa restorations with 
different dentin pre-treatment agents. 
The comparison of the mTBS means for composite restorative material with different 
dentin pretreatment agents using one-way ANOVA was statistically significant 
(P<0.0001); in post-hoc testing there was a significant difference between the control group 
with SDF and SDF+KI groups (P< 0.0001) and between SDF+ Na2S2O3 group with SDF 
and SDF+KI groups (P< 0.0001), but no significant difference between the control and 









Table 16. mTBS least square means and Tukey test significances at different levels 
of restorative materials and dentin pretreatment agents. 
 
Groups Sig* Least Sq Mean 
Composite Control A   38.70 
Composite SDF+ Na2S2O3 A B  35.43 
Activa Control  B  34.30 
Activa SDF+Na2S2O3  B  33.87 
Activa SDF+KI   C 23.61 
Composite SDF+KI   C 22.99 
Activa SDF   C 22.77 
Composite SDF   C 22.53 
 
 












3.2.2 Mode of failure: 
 
Table 17 and figure 47 summarizes the mode of failure of mTBS test for Activa restorative 
material with different dentin pretreatment agents. 
 
 
Table 17. Summary of the failure mode of mTBS test for Activa restorative material 





  Adhesive Cohesive Mixed Total 
Control Count 0 7 3 10 
 Total % 0.00 17.50 7.50 25.00 
 Col % 0.00 50.00 27.27  
 Row % 0.00 70.00 30.00  
SDF+KI Count 7 0 3 10 
 Total % 17.50 0.00 7.50 25.00 
 Col % 46.67 0.00 27.27  
 Row % 70.00 0.00 30.00  







 Total % 0.00 17.50 7.50 25.00 
Col % 0.00 50.00 27.27  
Row % 0.00 70.00 30.00  
SDF Count 8 0 2 10 
 Total % 20.00 0.00 5.00 25.00 
 Col % 53.33 0.00 18.18  
 Row % 80.00 0.00 20.00  
Total Count% 15 14 11 40 







restoration for the mixed failure were 29.06±5.50 MPa, whereas the corresponding values 
for the adhesive failures were 23.05±2.34 MPa. (Table 18) 
Table 18. Post-hoc Tukey test showed the levels of significant between mTBS values 
for Activa restoration and types of failure mode. 
 
Level Sig* Mean mTBS 
(MPa) 
Cohesive A 34.31±3.33 
Mixed B 29.06±5.50 
Adhesive C 23.052.34 




Table 19. Summary of the failure mode of mTBS test for composite restorative 
material with different dentin pretreatment agents. 
 
  Adhesive Cohesive Mixed Total 
Control Count 0 9 1 10 
 Total % 0.00 22.50 2.50 25.00 
 Col % 0.00 56.25 11.11  
 Row % 0.00 90.00 10.00  







 Total % 20.00 0.00 5.00 25.00 
Col % 53.33 0.00 22.22  
Row % 80.00 0.00 20.00  
SDF+Na2S2O3 Count 0 7 3 10 
 Total % 0.00 17.50 7.50 25.00 
 Col % 0.00 43.75 33.33  
 Row % 0.00 70.00 30.00  
SDF Count 7 0 3 10 
 Total % 17.50 0.00 7.50 25.00 
 Col % 46.67 0.00 33.33  
 Row % 70.00 0.00 30.00  
Total Count% 15 16 9 40 


















3.3 Micro-hardness test: 
 
Table 21 illustrates the mean of Vickers Hardness Number (VHN) for different dentin 
pretreatment agents (SDF, SDF+KI and SDF+Na2S2O3) in 3 different phases; Phase I: 
Sound dentin, Phase II: Demineralized Dentin and Phase III: Treated Dentin. 
Table 21 The mean of VHN for 3 different dentin pretreatment agents in 3 phases 
 
 
 Phase I Phase II Phase III  
Treatment Mean SD Mean SD Mean SD VHN III – VHN II 
SDF 53.01 2.47 11.29 0.83 21.83 1.41 10.54 
SDF+KI 52.67 2.46 11.61 0.89 17.52 0.77 5.91 
SDF+Na2S2O3 52.38 2.16 11.38 0.58 16.90 0.68 5.52 
 
 
* VHN III – VHN II denotes the difference between VHN values of dentin after 
demineralization and VHN values after application of dentin treatment agents. 
 
 










Figure 64. Bar chart shows the mean (± SD) of VHN for different dentin pretreatment 
agents in different phases. 
3.3.1 Comparison between materials (Phase III): 
 
In this section, the mean VHN in Phase III is higher in SDF Group (21.83 ± 1.41) when 
compared to SDF+KI and SDF+Na2S2O3 groups (17.52 ± 0.77 and 16.90 ± 0.68, 
respectively). The comparison of materials using one-way ANOVA was statistically 
significant (P <0.0001); in post-hoc testing there was a significant difference between SDF 






(P < 0.0001). Meanwhile, there was no significant difference between SDF+KI group and 
SDF+Na2S2O3 group (P= 0.12). 
 
 
3.3.2 Comparison between the Test Groups at the Different Phases of the Experiment: 
For all treatment groups, the highest mean VHN was recorded for phase 1, followed by 
phase 3 and then phase 2. In SDF group, results were 53.01 ± 2.47, 21.83 ± 1.41 and 11.29 
± 0.83, respectively. In SDF+KI group, results were 52.67 ± 2.46, 17.52 ± 0.77 and 11.61 
 
± 0.89, respectively. In SDF+Na2S2O3 group, results were 52.38 ± 2.16, 16.90 ± 0.68 and 
 
11.38 ± 0.58, respectively. For each treatment group, statistical analysis revealed a 
significant difference when comparing the readings of the micro-hardness test for the three 
different phases (P< 0.001). Post-hoc tests revealed statistically significant differences 














Figure 66. Vickers indentations on demineralized dentin surface (Phase II). 
 









3.4 Color Assessment: 
 
3.4.1 Lightness values (L*): 
 
The mean of Lightness values (L*) one day after application of dentin pretreatment agents 
were higher for control, SDF+KI and SDF-Na2S2O3 (91.75 ± 0.93, 89.03 ± 5.05 and 88.83 
± 3.05, respectively) when compared to SDF group (32.18 ± 6.33). Also, the mean of 
Lightness values (L*) one week after application of dentin pretreatment agents were higher 
for control, SDF+KI and SDF-Na2S2O3 (90.93 ± 2.75, 86.08 ± 4.69 and 86.98 ± 2.97, 
respectively) when compared to SDF group (28.65 ± 6.69). In addition, the mean of 
Lightness values (L*) two weeks after application of dentin pretreatment agents were 
higher for control, SDF+KI and SDF-Na2S2O3 (89.83 ± 2.5, 80.95 ± 4.14 and 84.38 ± 2.86, 
respectively) when compared to SDF group (24.28 ± 5.66) (Figure 68). 
The comparison of lightness value (L*) means after (one day, one week and two week) 
application of dentin pre-treatment agents were statistically significant 
(P<0.0001); in post-hoc testing there was a significant difference between Control, 
SDF+KI and SDF-Na2S2O3 groups with SDF group (P<0.0001). However, the comparison 
of lightness values (L*) means at baseline shows no significant different between the 











3.4.2 Changes in Color Value (∆E00*): 
 
The mean (± SD) of the difference of dentin color (ΔE00*) between baseline and T1 for 
different dentin pretreatment agents were lower for control, SDF+KI and SDF-Na2S2O3 
(1.44 ± 0.29, 1.91 ± 0.58 and 1.88 ± 0.61, respectively) when compared to SDF group 
(48.55 ± 1.65). Moreover, the mean (± SD) of (ΔE00*) between baseline and T7 were lower 
for  control,  SDF+KI  and  SDF-Na2S2O3  (2.13  ±  0.93,  3.92  ±  0.77  and  3.07  ± 0.35, 
respectively) than SDF group (52.46 ± 13.54). Additionally, the mean (± SD) of (ΔE*) 
between baseline and T14 were lower for control, SDF+KI and SDF-Na2S2O3 (2.69 ± 1.33, 









Figure 69. Bar chart shows the mean of the difference of color (ΔE*) between baseline 
and the various time points for different pretreatment agents. 
Table 23 illustrated the means of (ΔE00*) for each group at different time points, SD and 






Table 23. The mean (± SD) of the difference of dentin color (ΔE00*) for different dentin 
pretreatment agents at different time points. 
 
 
Treatment N T1 (∆E00) Sig.* T7 (∆E00) Sig.* 2 T14 (∆E00) Sig.*3 
Control 4 1.44 ± 0.29 B 2.13 ± 0.93 B 2.69 ± 1.33 B 
SDF 4 48.55 ± 1.65 A 52.46 ± 13.54 A 57.17 ± 12.15 A 
SDF+KI 4 1.91 ± 0.58 B 3.92 ± 0.77 B 7.7 ± 1.85 B 
SDF+Na2S2O3 4 1.88 ± 0.61 B 3.07 ± 0.35 B 4.69 ± 0.77 B 
*In each column levels not connected by the same letter are significantly different. 
 
 
The figures from (70-73) show the color changing of the dentin surface for the four 








Chapter 4. Discussion 
 
Multiple previous studies showed the effect of SDF and SDF+KI on mechanical properties 
of different restorative materials on sound dentin. This in vitro study was designed to 
determine the effect of sodium thiosulfate (Na2S2O3) with SDF on shear bond strength and 
microtensile bond strength of composite and Biodentine Activa. This study also includes 
an evaluation of the effect of Na2S2O3 with SDF on remineralization of the demineralized 
dentin surface and shows the use of Na2S2O3 with SDF to eliminate the discoloration effect 
of SDF on sound dentin. 
 
 
4.1 Protocols for the application of dentin pretreatment agents 
The results of recent studies on the impact of SDF and SDF+KI on the bond strength of 
dentin to various adhesive systems and GICs have been inconsistent, revealing variable 
bond strengths of dentin to “etch-and-rinse” and “self-etch” adhesives. This inconsistency 
is due to a specific difference in the SDF implementation protocol: whether the 
investigators allowed the dentin surface to air-dry or rinsed the dentin surface with water 
after application of SDF or SDF+KI. SDF in clinical practice is usually applied to the 
dentine surface without rinsing immediately with water. After SDF application, the patient 
is told explicitly not to eat or drink for half an hour (63), as rinsing the dentin surface after 
SDF application could dilute or wash away the SDF, decreasing the efficacy of SDF 
material and staining other teeth or soft tissue. In this experiment, specimens were air-dried 





we standardized our protocol for all experiments. To our knowledge, this research is the 
first laboratory study to investigate the effects of SDF/Na2S2O3 treatment on the bond 
strength of different adhesive restorative materials to dentin, dentin microhardness, and 




4.2 Bond strength test. 
 
The first and second objectives of the study were to evaluate the effect of different dentin 
pretreatment agents on shear bond strength and microtensile bond strength of composite 
and Biodentine Activa restorative materials in sound dentin. There were significant 
differences between the effect of different dentin pretreatment agents on shear bond 
strength and microtensile bond strength of composite and Activa Bioactive restorative 
materials to sound dentin (p < 0.0001). Therefore, the null hypothesis, that different dentin 
pretreatment agents do not affect shear bond strength and microtensile bond strength of 
composite and Biodentine Activa restorative materials in sound dentin, was rejected. 
According to the means of SBS and mTBS of composite restoration to sound dentin, the 
SBS values of composite restoration SDF and SDF/KI groups were significantly less than 
the control group (8.18 ± 1.79 MPa, 8.48 ± 1.01, and 19.71 ± 4.15 MPa, respectively). 
Moreover, the mTBS values of composite restoration SDF and SDF/KI groups were 
significantly less than the control group (22.53 ± 2.69 MPa, 23.0 ± 2.81 MPa, and 38.71 ± 






of adhesives to sound dentin. They found that either air-drying or rinsing the dentin surface 
with water after SDF application would compromise and reduce the micro-shear bond 
strength of resin restorative materials to sound dentin, results similar to our study. In their 
results, the means of mSBS for control, SDF with air-drying, and SDF with rinsing groups 
of composite restoration (etch-and-rinse system) were 44.5 ± 4.6 MPa, 24.0 ± 2.7 MPa, 
and 31.9 ± 8.2 MPa, respectively (68). Their values were higher than in the current study 
due to differences in the mechanical testing method. They used mSBS that showed higher 
bond strength values than in the macro-shear bond strength test. Consistent with our results, 
Kucukyilmaz et al. (2016) found that the application of SDF decreased the mTBS of 
adhesive resin restorative materials to sound and demineralized dentin. The mTBS means 
of resin restorative materials for the sound dentin was 36.79 ± 5.37 MPa, which is higher 
than the SDF group, 31.87 ± 7.54 MPa (69). Soeno et al. (2001) found that SDF application 
negatively impacted the TBS of bovine teeth to two adhesive systems (70). A study 
conducted by Van Ducker et al. (2019), similar to our study, found that application of 
SDF+KI followed by rinsing with water reduced the mTBS of adhesive restorative material 
to demineralized dentin, 23.5 ± 10.7 MPa for the control group and 7.9 ± 6.6 MPa for the 
SDF/KI treated group (71). Koizumi et al. (2016) found that the application of SDF+KI 
reduced the mTBS of sound dentin to three different adhesive restorative materials. They 
found that the mTBS means of composite restoration (etch-and-rinse system) for the 
control and SDF/KI were 32.1 ± 1.2 MPa and 21.4 ± 9.4 MPa, respectively, similar to the 






Activa Biodentine restorative material is a resin-modified glass ionomer cement (RMGIC) 
with an ionic resin matrix (73). According to the manufacturers’ instructions, using a 
bonding agent before application of Activa Bioactive restoration is recommended for non- 
retentive cavity preparation. In this study, we tested the effect of different dentin 
pretreatment agents on SBS and mTBS for Activa restorative material with a bonding agent 
(3M ESPE Scotchbond™ Universal Adhesive). There was no existing study to compare 
the effect of using SDF, SDF+KI, and SDF+Na2S2O3 as dentin pretreatment agents with 
Activa restorative material. 
In this study, the means of SBS and mTBS of Activa Biodentine restoration to sound dentin 
demonstrate SDF and SDF/KI groups were significantly less for SBS of Activa Bioactive 
than the control group (8.18 ± 1.79 MPa, 8.48 ± 1.01 MPa and 19.71 ± 4.15 MPa, 
respectively). Moreover, SDF and SDF/KI groups showed significantly lower mTBS for 
Activa Biodentine than the control group (22.78 ± 2.55 MPa, 23.61 ± 1.77 MPa, and 34.31 
± 3.09 MPa, respectively). Puwanawiroj et al. (2018) found that the SDF application 
followed by rinsing with water and polishing had no significant effect on the mTBS of the 
carious dentin to RMGIC (74), in contrast to our results. In this current study, we 
determined the mTBS of the sound dentin for Activa Bioactive restoration after application 
of SDF. This difference could be due to the effects of demineralization on the bonded 
dentin surface, which can lead to loss of surface minerals and hence, decrease the ionic 
interaction between the restoration and dentin. Also, Puwanawiroj et al. (2018) did not use 






Koizumi et al. (2016) found that SDF application followed by KI reduced the mTBS of 
sound dentin to RMGIC, obtaining a mean mTBS for the control group of 18.4 ± 5.6 MPa 
and the SDF/KI group, 14.5 ± 5.2 MPa (72). Knight et al. (2006) revealed that the 
application of SDF+KI without rinsing negatively impacted the SBS of sound dentin to 
GIC. In contrast, they found that SDF+KI application followed by rinsing with water did 
not significantly affect the SBS of sound dentin to GIC. The SBS mean for the control 
group was 2.40 ± 0.88 MPa, for SDF/KI with rinsing was 2.83 ± 1.39 MPa and for SDF/KI 
with air-drying was 1.53 ± 0.74 MPa (75). The application of dentin pretreatment agents 
followed by rinsing with water could slightly improve the bond strength of adhesive 
restorative material by removing excess treatment agents. However, there was still enough 
dentin treatment agent remaining on the tooth surface to negatively impact the adhesion of 
resin restorative materials (72). However, the results of RMGIC bond strength from various 
studies cannot be directly compared. First, Activa BioActive has different mechanical 
properties than RMGIC. Also, we used a bonding agent with Activa Bioactive restoration. 
In contrast, previous studies used RMGIC without bonding agents. Second, some studies 
used different specimen preparation methods than our study, such as rinsing after applying 
treatment agents and testing bond strength on demineralized dentin. 
For the SDF/Na2S2O3 group, our results showed that the application of SDF followed 
immediately by the application of Na2S2O3 would help eliminate the negative impact of 
applying SDF solution on the SBS and mTBS of composite and Activa restorative materials 






(2016) investigated the effect of Na2S2O3 on the recovery of bond strength to dentin treated 
with sodium hypochlorite. They found that applying 5–10% Na2S2O3 after treating dentin 
with NaOCl/EDTA eliminated the negative impact of using NaOCl/EDTA on bond 
strength of adhesive restorative material to treated dentin surfaces. This bond strength 
improvement may be due to the potent antioxidant effect of Na2S2O3. Na2S2O3 may be able 
to neutralize oxidizing agents through a redox reaction on the treated substrate, allowing 
for complete polymerization of resin bonding materials. It also can react with oxidants to 
neutralize unpaired electrons and produce a stable product (76). Based on our results of the 
Na2S2O3 group, we suggest that Na2S2O3 does indeed react with oxidants to neutralize 
unpaired electrons. Thus, it can help to complete the polymerization of resin bonding 
materials. 
According to the failure mode (Tables 16 and 17) and SBS values, the groups with higher 
SBS values (control and Na2S2O3 groups) showed more mixed and cohesive failures. 
Meanwhile, the groups that had lower SBS values (SDF and KI groups) showed more 
adhesive failures. Also, the groups with higher mTBS values (control and Na2S2O3 groups, 
Tables 18 and 19) showed more cohesive failures. Meanwhile, the group that had lower 
mTBS values (SDF and KI groups) showed more adhesive failure. 
 
 
4.3 Microhardness test. 
 
The third objective of our study was to compare the microhardness levels of different 
 







permanent  molar  dentin.  The  null  hypothesis  was  rejected  as  there   were   
significant differences between the hardness capacities of different dentin pretreatment 
agents. This study is the first to investigate the effect of applying KI immediately after SDF 
and applying Na2S2O3 immediately after SDF on microhardness levels. 
In this study, the SDF group showed a significant increase in VHN one week after SDF 
application onto the demineralized dentin. After SDF application on demineralized dentin, 
VHN increased by 10.54. Firouzmandi et al. (2019) found that the Knoop hardness number 
(KHN) significantly increased after SDF application to carious dentin surfaces (77). 
However, the results of microhardness from Firouzmandi et al. (2019) cannot be directly 
compared due to differences in the mechanical test protocol, as those authors used the 
Knoop indenter to test microhardness under a load of 25 g for 20 s. meanwhile, we used 
Vickers indenter to test microhardness under 50 g for 15 s. Also, the authors did not report 
when microhardness was measured after SDF application. 
Teeth treated with KI and Na2S2O3 showed significantly lower microhardness values than 
the SDF group. The application of KI or Na2S2O3 solution immediately after SDF 
application could reduce the number of silver fluoride particles since most free silver ions 
have already reacted either with iodide or thiosulfate ions. 
4.4 Color assessment. 
The final objective of this study was to investigate the discoloration effect of dentin 
pretreatment agent on sound dentin. The null hypothesis was rejected, as there were 






point (T1, T7, T14) for tested groups. Zheo et al. (2017) found that SDF application 
significantly darkened the restoration margin compared to the SDF+KI and the no 
treatment groups, consistent with our findings. The mean values of L* of the SDF group 
before treatment was 89.5 ± 6.9, one day after material filling placement was 25.3 ± 4.1, 
after thermocycling was 27.4 ± 8.1, and after biofilm challenge was 24.7 ± 5.8. Meanwhile, 
the mean values of L* for the SDF/KI group before treatment (T0) was 90.2 ± 6.0, one day 
after material filling placement (T1) was 89.9 ± 5.1, after thermocycling (T7) was 88.6    ± 
6.4 and after biofilm challenge (T14) was 68.5 ± 4.2. According to (ΔE*) findings, the 
control group experienced unnoticeable color change at all time points (ΔE were less than 
3.7). In contrast, the SDF group showed opposite color change at different time points (ΔE 
were between 58-80). The SDF/KI group showed an unnoticeable color change ΔE less 
than 3.7 for T1 and T7, and the ΔE for T14 was 22.5 ± 4.9 (13). However, in this current 
study, we only measured the color of dentin without the restoration. Also, the color was 
measured before application treatment (T0), one day after application of treatment (T1), one 
week after application treatment (T7), and two weeks after application treatment with 
thermocycling. 
According to our study results, the application of KI or Na2S2O3 immediately after SDF 
application had a high impact on reducing the staining effect of SDF application. The 
metallic silver from the SDF solution caused black staining on the dentin surface. The 













The current study is the first laboratory study to examine the effectiveness of treatment 
with SDF/Na2S2O3 on the mechanical properties of restorative materials, dentin 
microhardness, and dentin color discoloration. However, this study’s emphasis is on an in 
vitro model that differs from more complex clinical scenarios because we used sound 
dentin and artificial caries that are not similar to natural caries lesions. Thus, the results 
cannot be directly extrapolated to in vivo conditions, and results should be interpreted 
cautiously. More research is required to improve our understanding of the effectiveness of 
these dental procedures in clinical settings. Moreover, further experiments suggested to 
illustrate silver penetration and antimicrobial effect of SDF after applying sodium 
thiosulfate. Also, further experiments suggested to explain the effect of application of SDF 
with sodium thiosulfate on bond strength of different adhesive resin materials bonded to 









Chapter 5. Conclusions 
 
Within the limitations of this in vitro study, it can be concluded that 
 
 
• The microhardness of demineralized dentin improves after the application of SDF, 
SDF/Na2S2O3, and SDF/KI. Unaccompanied SDF application permitted 
significantly higher microhardness values than SDF/KI and SDF/Na2S2O3 
application. 
• Application of SDF and SDF/KI negatively impact the bond strength of composite 
and Activa Biodentine restorative materials to sound dentin. Meanwhile, the 
application of Na2S2O3 immediately after SDF application improved the bond 
strength of composite and active restorative materials to sound dentin. 












1. Caufield PW, Griffen AL. DENTAL CARIES: An Infectious and Transmissible 
Disease. Pediatric Clinics of North America. 2000;47(5):1001-19. 
 
2. Reynolds E. Calcium phosphate-based remineralization systems: scientific 
evidence? Australian Dental Journal. 2008;53(3):268-73. 
 
3. Seiffert A, Zaror C, Atala-Acevedo C, Ormeño A, Martínez-Zapata MJ, Alonso- 
Coello P. Dental caries prevention in children and adolescents: a systematic quality 
assessment of clinical practice guidelines. Clinical Oral Investigations. 2018;22(9):3129- 
41. 
 
4. Quock R, Barros J, Yang S, Patel S. Effect of Silver Diamine Fluoride on 
Microtensile Bond Strength to Dentin. Operative Dentistry. 2012;37(6):610-6. 
 
5. Selwitz RH, Ismail AI, Pitts NB. Dental caries. The Lancet. 2007;369(9555):51-9. 
 
6. Grund K, Goddon I, Schüler IM, Lehmann T, Heinrich-Weltzien R. Clinical 
consequences of untreated dental caries in German 5- and 8-year-olds. BMC Oral Health. 
2015;15(1):140. 
 
7. Drury TF, Horowitz AM, Ismail AI, Maertens MP, Rozier RG, Selwitz RH. 
Diagnosing and Reporting Early Childhood Caries for Research Purposes: A Report of a 
Workshop Sponsored by the National Institute of Dental and Craniofacial Research, the 
Health Resources and Services Administration, and the Health Care Financing 
Administration. Journal of Public Health Dentistry. 1999;59(3):192-7. 
 
8. Heinrich-Weltzien R, Monse B, Benzian H, Heinrich J, Kromeyer-Hauschild K. 
Association of dental caries and weight status in 6- to 7-year-old Filipino children. Clinical 
Oral Investigations. 2013;17(6):1515-23. 
 
9. Leal SC, Bronkhorst EM, Fan M, Frencken JE. Untreated Cavitated Dentine 
Lesions: Impact on Children’s Quality of Life. Caries Research. 2012;46(2):102-6. 
 
10. Goodwin M, Sanders C, Pretty IA. A study of the provision of hospital based dental 
general anaesthetic services for children in the northwest of England: part 1 - a comparison 
of service delivery between six hospitals. BMC Oral Health. 2015;15(1):50. 
 




Update. Journal of Clinical and Diagnostic Research 2015;9(5):ZE08-ZE11. 
 
12. Singh J, Srivastava AN, Singh N, Singh A. Stability Constants of Metal Complexes 
in Solution. 2020. 
 
13. Zhao IS, Mei ML, Burrow MF, Lo EC, Chu CH. Effect of Silver Diamine Fluoride 
and Potassium Iodide Treatment on Secondary Caries Prevention and Tooth Discolouration 
in Cervical Glass Ionomer Cement Restoration. International Journal of Molecular 
Sciences. 2017;18(2). 
 
14. Nishino M, Yoshida S, Sobue S, Kato J, Nishida M. Effect of topically applied 
ammoniacal silver fluoride on dental caries in children. Journal Osaka University Dental 
School. 1969;9:149-55. 
 
15. Zhao  IS,  Gao  SS,  Hiraishi  N,  Burrow  MF,  Duangthip  D,  Mei  ML,  et      al. 
 
Mechanisms of silver diamine fluoride on arresting caries: a literature review. International 
Dental Journal. 2018;68(2):67-76. 
 
16. Horst JA, Ellenikiotis H, Milgrom PL. UCSF Protocol for Caries Arrest Using 
Silver Diamine Fluoride: Rationale, Indications and Consent. Journal of California Dental 
Association. 2016;44(1):16-28. 
 
17. Tan HP, Lo EC, Dyson JE, Luo Y, Corbet EF. A randomized trial on root caries 
prevention in elders. Journal of Dental Research. 2010;89(10):1086-90. 
 
18. Clarkson BH, Exterkate RA. Noninvasive dentistry: a dream or reality? Caries 
Research Journal. 2015;49 Suppl 1:11-7. 
 
19. Mei ML, Lo EC, Chu CH. Clinical Use of Silver Diamine Fluoride in Dental 
Treatment. Compendium Continuing Eduction in Dentistry. 2016;37(2):93-8; quiz100. 
 
20. Featherstone JD. The continuum of dental caries--evidence for a dynamic disease 
process. Journal of Dental Research. 2004;83 Spec No C:C39-42. 
 
21. Rosenblatt A, Stamford TC, Niederman R. Silver diamine fluoride: a caries "silver- 
fluoride bullet". Journal of Dental Research. 2009;88(2):116-25. 
 
22. Mitwalli H, Mourao MDA, Dennison J, Yaman P, Paster BJ, Fontana M. Effect of 
Silver Diamine Fluoride Treatment on Microbial Profiles of Plaque Biofilms from 





23. Mei ML, Li QL, Chu CH, Yiu CK, Lo EC. The inhibitory effects of silver diamine 
fluoride at different concentrations on matrix metalloproteinases. Journal of Dental 
Materials. 2012;28(8):903-8. 
 
24. Mei ML, Ito L, Cao Y, Li QL, Lo EC, Chu CH. Inhibitory effect of silver diamine 
fluoride on dentine demineralisation and collagen degradation. Journal of Dentistry. 
2013;41(9):809-17. 
 
25. Mei ML, Ito L, Cao Y, Li QL, Chu CH, Lo EC. The inhibitory effects of silver 
diamine fluorides on cysteine cathepsins. Journal of Dentistry. 2014;42(3):329-35. 
 
26. Yee R, Holmgren C, Mulder J, Lama D, Walker D, van Palenstein Helderman W. 
Efficacy of silver diamine fluoride for Arresting Caries Treatment. Journal Dental 
Research. 2009;88(7):644-7. 
 
27. Zhi QH, Lo EC, Lin HC. Randomized clinical trial on effectiveness of silver 
diamine fluoride and glass ionomer in arresting dentine caries in preschool children. 
Journal of Dentistry. 2012;40(11):962-7. 
 
28. Wang AS, Botelho MG, Tsoi JKH, Matinlinna JP. Effects of silver diammine 
fluoride on microtensile bond strength of GIC to dentine. International Journal of Adhesion 
and Adhesives. 2016;70:196-203. 
 
29. Knight GM, McIntyre JM, Craig GG, Mulyani, Zilm PS, Gully NJ. Differences 
between normal and demineralized dentine pretreated with silver fluoride and potassium 
iodide after an in vitro challenge by Streptococcus mutans. Austrian Dental Journal. 
2007;52(1):16-21. 
 
30. Nelson T, Scott JM, Crystal YO, Berg JH, Milgrom P. Silver Diamine Fluoride in 
Pediatric Dentistry Training Programs: Survey of Graduate Program Directors. Jornal of 
Pediatric Dentistry. 2016;38(3):212-7. 
 
31. Crystal YO, Janal MN, Hamilton DS, Niederman R. Parental perceptions and 
acceptance of silver diamine fluoride staining. J Am Dent Assoc. 2017;148(7):510-8.e4. 
32. Hamama HH, Yiu CK, Burrow MF. Effect of silver diamine fluoride and potassium 
iodide on residual bacteria in dentinal tubules. Austrian Dental Journal. 2015;60(1):80-7. 
 
33. Karched M, Ali D, Ngo H. In vivo antimicrobial activity of silver diammine 
fluoride on carious lesions in dentin. Journal of Oral Science. 2019;61(1):19-24. 
 
34. Craig GG, Knight GM, McIntyre JM. Clinical evaluation of diamine silver 






35. Barberá JJ, Metzger A, Wolf M. Sulfites, Thiosulfates, and Dithionites. Ullmann's 
Encyclopedia of Industrial Chemistry. 
 
36. Chen KK, Rose CL. Nitrite and thiosulfate therapy in cyanide poisoning. Journal 
of American Medical Association. 1952;149(2):113-9. 
 
37. Szabo C, Papapetropoulos A. International Union of Basic and Clinical 
Pharmacology. CII: Pharmacological Modulation of H<sub>2</sub>S Levels: 
H<sub>2</sub>S Donors and H<sub>2</sub>S Biosynthesis Inhibitors. Pharmacological 
Reviews. 2017;69(4):497-564. 
 
38. Tsang RY, Al-Fayea T, Au HJ. Cisplatin overdose: toxicities and management. 
Drug Safety Journal. 2009;32(12):1109-22. 
 
39. Pimentel Corrêa AC, Cecchin D, de Almeida JF, Gomes BP, Zaia AA, Ferraz CC. 
Sodium Thiosulfate for Recovery of Bond Strength to Dentin Treated with Sodium 
Hypochlorite. Journal of Endodontics. 2016;42(2):284-8. 
 
40. Featherstone JD, Duncan JF, Cutress TW. A mechanism for dental caries based on 
chemical processes and diffusion phenomena during in-vitro caries simulation on human 
tooth enamel. Archives of Oral Biology Journal. 1979;24(2):101-12. 
 
41. Featherstone JD, Rodgers BE. Effect of acetic, lactic and other organic acids on the 
formation of artificial carious lesions. Caries Research. 1981;15(5):377-85. 
 
42. Featherstone JD, Cutress TW, Rodgers BE, Dennison PJ. Remineralization of 
artificial caries-like lesions in vivo by a self-administered mouthrinse or paste. Caries 
Research. 1982;16(3):235-42. 
 
43. ten Cate JM, Duijsters PP. Alternating demineralization and remineralization of 
artificial enamel lesions. Caries Research. 1982;16(3):201-10. 
 
44. McIntyre JM, Featherstone JD, Fu J. Studies of dental root surface caries. 1: 
Comparison of natural and artificial root caries lesions. Austrian Dental Journal. 
2000;45(1):24-30. 
 
45. Arends J, ten Bosch JJ. Demineralization and remineralization evaluation 
techniques. Journal of Dental Research. 1992;71 Spec No:924-8. 
 
46. Van Meerbeek B, Willems G, Celis JP, Roos JR, Braem M, Lambrechts P, et al. 
 
Assessment by nano-indentation of the hardness and elasticity of the resin-dentin bonding 





47. Taketa F, Perdue HS, O'Rourke WF, Sievert HW, Phillips PH. An abrasion method 
for determining the wear resistance of teeth. I. Description of apparatus and variables. 
Journal of Dental Research. 1957;36(5):739-44. 
 
48. Wright H. Factors involved in variability in hardness of tooth structures. Journal of 
Dental Research. 1938;17:297. 
 
49. Knoop F, Peters CG, Emerson WB. A sensitive pyramidal-diamond tool for 
indentation measurements. Journal of Research of the National Bureau of standards. 
1939;23(1):39. 
 
50. Angker L, Nockolds C, Swain MV, Kilpatrick N. Correlating the mechanical 
properties to the mineral content of carious dentine--a comparative study using an ultra- 
micro indentation system (UMIS) and SEM-BSE signals. Archives of Oral Biology 
Journal. 2004;49(5):369-78. 
 
51. Lippert F, Lynch RJ. Comparison of Knoop and Vickers surface microhardness and 
transverse microradiography for the study of early caries lesion formation in human and 
bovine enamel. Arch Oral Biol. 2014;59(7):704-10. 
 
52. Pereira PN, Inokoshi S, Yamada T, Tagami J. Microhardness of in vitro caries 
inhibition zone adjacent to conventional and resin-modified glass ionomer cements. Dental 
Material. 1998;14(3):179-85. 
 
53. Perinka L, Sano H, Hosoda H. Dentin thickness, hardness, and Ca-concentration vs 
bond strength of dentin adhesives. Dental Material. 1992;8(4):229-33. 
 
54. Currey JD, Brear K. Hardness, Young's modulus and yield stress in mammalian 
mineralized tissues. Journal of Materials Science: Materials in Medicine. 1990;1(1):14-20. 
 
 
55. Mahoney E, Holt A, Swain M, Kilpatrick N. The hardness and modulus of elasticity 
of primary molar teeth: an ultra-micro-indentation study. Journal of Dentistry. 
2000;28(8):589-94. 
 
56. Banerjee A, Sherriff M, Kidd EA, Watson TF. A confocal microscopic study 
relating the autofluorescence of carious dentine to its microhardness. British Dental 
Journal. 1999;187(4):206-10. 
 
57. Marshall GW, Jr., Marshall SJ, Kinney JH, Balooch M. The dentin substrate: 





58. Panighi M, G'Sell C. Effect of the tooth microstructure on the shear bond strength 
of a dental composite. Journal of Biomedical Materials Research. 1993;27(8):975-81. 
 
59. Sano H, Shono T, Sonoda H, Takatsu T, Ciucchi B, Carvalho R, et al. Relationship 
between surface area for adhesion and tensile bond strength--evaluation of a micro-tensile 
bond test. Dental Material Journal. 1994;10(4):236-40. 
 
60. Sakaguchi RL, Ferracane JL, Powers JM. Craig's restorative dental materials. 2019. 
 
61. Armstrong S, Geraldeli S, Maia R, Raposo LH, Soares CJ, Yamagawa J. Adhesion 
to tooth structure: a critical review of "micro" bond strength test methods. Dental Material. 
2010;26(2):e50-62. 
 
62. Pashley DH, Sano H, Ciucchi B, Yoshiyama M, Carvalho RM. Adhesion testing of 
dentin bonding agents: a review. Dental Material. 1995;11(2):117-25. 
 
63. Jiang M, Mei ML, Wong MCM, Chu CH, Lo ECM. Effect of silver diamine 
fluoride solution application on the bond strength of dentine to adhesives and to glass 
ionomer cements: a systematic review. BMC Oral Health. 2020;20(1):40. 
 
64. Fan Y, Wen ZT, Liao S, Lallier T, Hagan JL, Twomley JT, et al. Novel 
amelogenin-releasing hydrogel for remineralization of enamel artificial caries. Journal of 
Bioactive Compatible Polymers. 2012;27(6):585-603. 
 
65. Vander Voort G. Microindentation hardness testing. ASM Handbook. 2000;8:221- 
31. 
 
66. Eacute, Rez M, iacute, a del M, Saleh A, Yebra A, et al. Study of the Variation 
between CIELAB &Delta;E<sup>*</sup> and CIEDE2000 Color-differences of Resin 
Composites. Dental Materials Journal. 2007;26(1):21-8. 
 
68. Lutgen P, Chan D, Sadr A. Effects of silver diammine fluoride on bond strength of 
adhesives to sound dentin. Dental Material Journal. 2018;37(6):1003-9. 
 
69. Kucukyilmaz E, Savas S, Akcay M, Bolukbasi B. Effect of silver diamine fluoride 





on the microtensile bond strength in sound and caries-affected dentin. Lasers in Surgery 
Medicine. 2016;48(1):62-9. 
70. Soeno K, Taira Y, Matsumura H, Atsuta M. Effect of desensitizers on bond strength 
of adhesive luting agents to dentin. J Oral Rehabil. 2001;28(12):1122-8. 
 
71. Van Duker M, Hayashi J, Chan DC, Tagami J, Sadr A. Effect of silver diamine 
fluoride and potassium iodide on bonding to demineralized dentin. American Journal of 
Dentistry. 2019;32(3):143-6. 
 
72. Koizumi H, Hamama HH, Burrow MF. Effect of a silver diamine fluoride and 
potassium iodide-based desensitizing and cavity cleaning agent on bond strength to 
dentine. International Journal of Adhesion and Adhesives. 2016;68:54-61. 
 
73. Alrahlah A. Diametral Tensile Strength, Flexural Strength, and Surface 
Microhardness of Bioactive Bulk Fill Restorative. The Jornal of Contempprary Dental 
Practice. 2018;19(1):13-9. 
 
74. Puwanawiroj A, Trairatvorakul C, Dasanayake AP, Auychai P. Microtensile Bond 
Strength Between Glass Ionomer Cement and Silver Diamine Fluoride-Treated Carious 
Primary Dentin. Pediatric Dentistry Journal. 2018;40(4):291-5. 
 
75. Knight GM, McIntyre JM, Mulyani. The effect of silver fluoride and potassium 
iodide on the bond strength of auto cure glass ionomer cement to dentine. Austraian Dental 
Journal. 2006;51(1):42-5. 
 
76. Pimentel Correa AC, Cecchin D, de Almeida JF, Gomes BP, Zaia AA, Ferraz CC. 
Sodium Thiosulfate for Recovery of Bond Strength to Dentin Treated with Sodium 
Hypochlorite. Journal of Endodontics. 2016;42(2):284-8. 
 
77. Firouzmandi M, Shafiei F, Jowkar Z, Nazemi F. Effect of Silver Diamine Fluoride 
and Proanthocyanidin on Mechanical Properties of Caries-Affected Dentin. European 
Journal of Dentistry. 2019;13(2):255-60. 
122 
 
 
 
 
CURRICULUM VITAE 
 
 
130 
 
 
 
 
 
 
 
131 
 
 
 
 
 
 
 
 
 
 
 
 
 133 
 
 
 
 
 
 
 
 
 
134 
